Purpose In an attempt to improve in vitro embryo production, we investigated the effect of fibroblast growth factor 10 (FGF10) during in vitro maturation on the developmental capacity of bovine oocytes. Material and methods Cumulus-oocyte complexes (COCs) were aspirated from follicles of 3-8 mm diameter. After selection, the COCs were matured in medium with or without 0.5 ng/mL of FGF10. The effect of FGF10 during in vitro maturation (IVM) on nuclear maturation kinetics and expansion of the cumulus cells was investigated. Oocyte competence was assessed by the production and development speed of embryos and the relative expression of genes associated with embryo quality. Results FGF10 delayed the resumption of meiosis from 8 h onwards, but did not affect the percentage of oocytes reaching metaphase II, nor did it increase cumulus expansion at 22 h of maturation. We found no difference between treatments regarding embryo production, developmental speed, and gene expression. Conclusion In conclusion, the presence of FGF10 during IVM had no effect on embryo production, developmental speed, and gene expression.
Introduction
The production of viable female gametes is dependent on the interactions between oocyte and somatic cells during folliculogenesis and oogenesis, which are regulated by hormones and local factors [1] . In farm animals such as cattle, oocytes are usually removed prematurely from their follicles to be used in assisted reproductive techniques (ARTs). In this case, they are deprived of cellular events that occur at the end of folliculogenesis and have to be in vitro matured, which may be one of the reasons why they are less competent than those that remain in the follicle until ovulation.
Oocyte maturation is a very complex process that depends on the oocyte quality, which can be strongly influenced by extrinsic factors. Therefore, supplementation of culture media during in vitro maturation (IVM) could provide additional factors to improve the developmental competence of bovine oocytes. Fibroblast growth factors (FGFs) are involved in various cellular processes, including chemotaxis, cell migration, differentiation, survival, apoptosis, embryonic development, and angiogenesis [2, 3] . In addition, they have been reported as having critical involvement in the regulation of folliculogenesis and oogenesis [4] [5] [6] [7] [8] . Therefore, FGFs are potential factors to improve in vitro embryo production.
Capsule Use of FGF 10 during IVM of bovine oocytes does not affect embryonic development.
Among the members of the FGF family, fibroblast growth factor 10 (FGF10) is one of particular interest since its expression was detected in ovarian stromal cells, granulosa cells, theca cells and oocytes in humans [9, 10] , and theca cells, luteal cells, and oocytes in bovine [5, 11] . In addition, FGF10 receptor (FGFR) expression is regulated by FSH, and its two main receptors, FGFR1B and FGFR2B, are present in oocyte and cumulus cells (CCs) [12] , suggesting that it has an important role in oocyte maturation [13, 14] .
Recently, the beneficial effect of FGF10 supplementation during IVM on embryo production has been reported [12, 15] , although the mechanism of action is mostly unknown. Furthermore, Caixeta [14] reported that FGF10 enhanced cumulus expansion by involving an increase in glucose uptake by cumulus cells associated with the upregulation of the expression of key genes involved in hyaluronic acid production. Considering the importance of FGF10 in the regulation of folliculogenesis and its effects during IVM, more studies are needed to confirm the beneficial effects of this growth factor in vitro.
In an attempt to improve in vitro embryo production, we investigate the effect of FGF10 during in vitro maturation on the developmental capacity of bovine oocytes.
Material and methods
Unless otherwise indicated, the reagents/chemicals used for the preparation of the maturation, fertilization, and in vitro culture media were purchased from Sigma (St. Louis, MO, USA).
Oocyte recovery and selection
Ovaries from crossbred females (Bos indicus × Bos taurus) were collected from local abattoirs immediately after slaughter and transported in saline solution (0.9% NaCl) supplemented with antibiotics (100 mg/mL streptomycin and 100 IU/mL G penicillin) at temperatures of 35-36°C. Cumulus-oocyte complexes (COCs) were aspirated from follicles of 3-8 mm diameter using an 18-gauge needle attached to a 10-mL syringe. Follicular fluid was used for searching and selection, and only COCs presenting homogenous cytoplasm and at least three layers of cumulus cells were used.
In vitro maturation
Immediately after selection, the COCs were washed and transferred in groups of 20-30 to a 200-μL droplet of maturation medium with or without 0.5 ng/mL of FGF10 according to the experiment. The maturation medium used was composed of TCM-199 with Earl's salts (Invitrogen, Carlsbad, CA, USA) supplemented with 0.075 mg/mL amikacin, 0.4% fatty acidfree bovine serum albumin (BSA), 0.68 mM L-glutamine, 0.2 mM pyruvate, 0.1 mM cysteamine, and 10 −1 IU/mL of recombinant FSH (Gonal-F®, Serono, Rockland, MA, USA). Culture was performed for 24 h at 38.5°C and 5% CO 2 in air.
Nuclear maturation
To assess the stage of meiosis at different times, the oocytes were removed from the drops, denuded by repeated pipetting until the complete removal of CCs, fixed for 48 h in ethanol and acetic acid (3:1), and stained with 45% lacmoid in glacial acetic acid. The evaluation of meiotic stage was performed under a phase-contrast microscope (Nikon Eclipse E200, 1.000X) and classified into: germinal vesicle (GV), germinal vesicle breakdown (GVBD), metaphase I (MI), anaphase I (AI), telophase I (TI), and metaphase II (MII), with alignment of chromosomes on the metaphase plate and extrusion of the first polar body. Any oocyte that had diffuse or undefined chromatin or had some chromosomal aberration was considered degenerate or abnormal.
In vitro fertilization and in vitro embryo culture
After maturation, groups of 20-30 COCs were transferred to 200 μL drops of fertilization medium, which consisted of Tyrode's albumin lactate pyruvate supplemented with penicillamine (2 mM), hypotaurine (1 mM), epinephrine (250 mM), and heparin (10 mg/mL) [16] . Frozen semen from a bull of proven fertility that had been used for several years as the reference bull for in vitro embryo production in our laboratory was used for all treatments and replicates. Motile spermatozoa were obtained using the Percoll (GE Healthcare, Piscataway, NJ, USA) gradient method in microtubes [17] and were added to the fertilization drop at a final concentration of 1 × 10 6 spermatozoa per milliliter. Spermatozoa and oocytes were co-incubated for 18 h at 39°C with 5% CO 2 in air. The day of in vitro insemination was considered to be day 0. Eighteen hours after insemination, the presumptive zygotes were washed and transferred to 200 μL drops of synthetic oviduct fluid medium with amino acids, citrate, and inositol [18] supplemented with 5% FCS and incubated at 38.5°C in an atmosphere of 5% CO 2 in air. Embryos were evaluated on day 2 for cleavage and on days 6 and 7 for blastocyst.
Cumulus expansion
To determine CC expansion, each COC was measured after selection and after maturation using the Motic Image Plus 2.0 program (Motic China Group Co, Ltd., Xia-men, China). The CC expansion during IVM was determined by the difference between the mean area of all COCs from each treatment before and after in vitro maturation ( Fig. 1 ).
RNA extraction and cDNA synthesis
Three pools of 10-12 expanded blastocysts (D7) for each treatment were collected. Embryos were stored in RNA Latter at −20°C until the RNA extraction. Total RNA of embryos was isolated using the RNeasy Plus Micro Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions, with minor modifications. cDNA synthesis was performed using SuperScriptIII (200 U/μL, Invitrogen®) and Oligo dT primer (0.5 μg/mL, Invitrogen®) in a final volume of 25 μL. Reactions were performed at 65°C for 5 min and 42°C for 60 min, followed by inactivation of the enzyme at 70°C for 15 min.
Real-time RT-PCR
The genes quantified by qPCR are genes involved in embryo quality. The genes referred are: [placenta-specific 8 (PLAC8), keratin proteins 8 (KRT8)]; heat stress [heat shock 27-kDa protein 1 (HSPB1)]; pregnancy [Tetraspanin 9 (CD9), pregnancy-associated glycoprotein 2 (PAG2)]; DNA repair [DNA mismatch repair protein MSH, mutS homolog 6 (MSH6)], which were quantified for qPCR.
Real-time RT-PCR analysis was performed using 7500 Fast Real-Time PCR System (Applied Biosystem, Foster City, CA, USA). The primer sequences, fragment size, annealing temperature, and primer concentrations for each gene are listed in Table 1 . Reactions were performed in duplicate for each gene, with an amplification efficiency of >90%. The levels of expression of three housekeeping genes-glyceraldehyde-3-phosphate dehydrogenase (GAPDH), β-actin (ACTB), and peptidylprolyl isomerase A (PPIA)-were subjected to GeNorm software [19] , which indicated the ACTB as the most stable gene. This was used as a reference for data normalization. The relative abundance of each gene was calculated using the ΔΔC t method with efficiency correction [20] .
Experimental design

Experiment 1: effect of FGF10 on oocyte maturation and cumulus expansion
This experiment aimed to evaluate whether the addition of FGF10 during IVM of bovine oocytes affects meiosis progression and cumulus expansion. The COCs were selected and distributed into two groups, a control group and a group in which the maturation medium was supplemented with 0.5 ng/ mL of FGF10. Initially, 244 COCs were used for evaluation of nuclear maturation kinetics at 0, 8, and 22 h. At each of these time intervals, the oocytes were denuded, fixed, and stained to determine the stage of meiosis. A total of 250 COCs were measured before and after in vitro maturation to determine CC expansion.
Experiment 2: effect of FGF10 during in vitro maturation of bovine oocytes on embryo production Here, we proposed to verify whether adding FGF10 into the maturation media would improve subsequent embryo production. Then, we observed cleavage rate on D2 and blastocyst rates on D6 and D7. The COCs used for CC expansion measurement were fertilized in vitro and cultured up to D7. 
Statistical analysis
Nuclear maturation and embryo development data were analyzed by chi-square test (P < 0.05). The comparison between treatments for the measurement of CC expansion and gene expression was performed by analysis of variance. All data concerning the expansion have a normal distribution. To compare CC expansion of the first experiment, the t test was used. The relative expression of each gene was calculated using the ΔΔC t method of correction efficiency by the Pfaffl method and compared with the t test (Welch-Satterthwaite approximation). P < 0.05 was considered statistically significant. Data are presented as the mean ± standard deviation. All analyses were performed by the Prophet, version 5.0 (BBN Systems and Technologies, 1996).
Results
The presence of FGF10 did not affect the percentage of oocytes reaching MII (Table 2) . However, the presence of FGF10 in the maturation medium delayed the resumption of meiosis, since at 8 h of maturation a lower percentage of oocytes showed GVBD and a higher percentage was still at the GV stage compared to the oocytes from the control group.
When cumulus expansion was evaluated, no difference was observed between treatments (Fig. 2) . Similarly, no effect of the presence of FGF10 during in vitro maturation was observed on cleavage and blastocyst rates on D6 and D7 (Table 3) . When the speed of development of the embryos was considered, it was observed that FGF10 supplementation during IVM also had no effect on embryo developmental kinetics. For both treatments, the majority of the embryos were expanded blastocysts on D7 (Table 4 ). Those embryos also showed similar expressions of all genes evaluated (Fig. 3) .
Discussion
Considering the importance of in vitro maturation in ARTs in humans and animals, several research groups have conducted studies in order to improve the in vitro maturation system. In the present study, we investigated the presence of FGF10 during maturation on the yield and quality of in vitro produced embryos using evaluation parameters such as blastocyst development and gene expression. Before evaluating the effects of FGF10 on IVP, it was assessed whether its presence during IVM had any effect on the progression of meiosis. The results showed that the presence of 0.5 ng/mL FGF10 caused a delay in the resumption of meiosis in the first 8 h, but did not affect the rate of oocytes in MII at 22 h. Zhang [12] and Pomini [15] had also found that FGF10 affected the nuclear maturation rate in a dosedependent manner. However, in Zhang's study, they only observed an effect on the first polar body's extrusion rate, but not on the MII rate, similar to the results obtained in our work.
The biological activities of FGF proteins are exerted through specific high-affinity binding to receptor tyrosine kinases [21] . However, there is a body of evidence that suggests that FGFs are unstable proteins with limited half-life in vivo, which affects FGF signaling [22] . Activated FGFR phosphorylates adaptor proteins for four major intracellular signaling pathways-RAS-MAPK, PI3K-AKT, and PLCγ-and signal transducer and activator of transcription [3] . The MAPK pathway is a major activation pathway in oocyte development [23, 24] , whereas PI3K-AKT is required at the end of maturation [25] . In our study, it is possible that the MAPK pathway was delayed in some unknown way. The action of FGF10 was probably not by the PI3K-AKT pathway since there were no differences in MII proportion at the end of maturation. We hypothesized that the delay in the transient effect of FGF10 on the resumption of meiosis could be caused by lack of binding stability and/or fast degradation in the culture medium in the early hours of culture, but more studies are needed to elucidate this finding.
Contrasting with other reports, we did not find any effect of FGF10 on CC expansion. Caixeta [14] found that expansion of bovine COCs was enhanced by FGF10, but the concentration of FGF10 used in their study was considerably higher (10 ng/mL) than the concentration used in our study (0.5 ng/ mL). Using the same concentration as in the present study, Zhang [12] noted an increase in the expansion of CCs (0.5 ng/mL). It is important to highlight that the maturation medium used by those authors contained only PVA with no protein source, contrasting to ours wherein the maturation medium was supplemented with BSA. In addition, the source of FSH, which also induces CC expansion, differed between the studies. We know that FSH increases FGF10 receptors in cumulus cells, and FGF10 does not stimulate the expansion of CCs at high doses, probably for a receptor saturation effect. So it is possible that, in our study, the presence of BSA and recombinant FSH provided the ideal conditions for CC expansion, masking the FGF10 effect, even though possibly increasing their receptors. This hypothesis can be supported by Caixeta's [14] results, which only observed increasing effect with a higher FGF10 concentration (10 ng/mL).
Supplementing the maturation medium with FGF10 also did not affect any parameters of embryo production. Not only the blastocyst rates at D6 and D7 but also the speed of development of those embryos were similar between treatments. These results are in contrast with those reported by Zhang [12] . One of the factors that could be responsible for these differences could be the composition of the maturation media, as stated above. We believe that an increase in FGF10 during IVM in embryo production is dependent on the concentration used and the cultivation conditions. It is well known that Data analyzed by chi-square test (P < 0.05, N = 5 replicates) different protein supplementations and sources of FSH during IVM may interfere in CC expansion, nuclear maturation, and embryo development [26, 27] . PVA is a synthetic polymer which generally produces a lower embryo rate (D7) than BSA because it does not provide any of the embryonic requirements. Thus, it is possible that in the study by Zhang [12] , the beneficial effects of FGF10 could be noticeable for the oocytes. In fact, the beneficial effect of FGF10 was confirmed by the same group blocking FGFR activity during IVM and interfering in embryo development [13] . Under the conditions of IVM in our study, either the FGF10 produced by the oocytes, by cumulus cells, or by the other sources that were sequestered within COCs was sufficient to cause the expected effect, or the concentration used was not enough to enhance embryo production. The lack of response observed in our study has already been noted in CC expansion, which is the main target for FGF10, and so an effect on embryo production could hardly be expected. Pomini Pinto [15] also observed no increase in embryo production, but did not evaluate the expansion of cumulus cells.
To evaluate the quality of embryos produced from oocytes matured in the presence of FGF10, we chose to use two approaches: the speed of development and gene expression. It is also well established that embryos that develop earlier are of better quality than those that develop later, which have been widely used to predict embryo quality. In contrast to the results of Zhang [12] , we found no difference between treatments regarding embryo developmental speed, with both groups showing the same percentage of expanded and hatched blastocysts at D7.
The other assessment we used to evaluate embryo quality was gene expression, which has been widely used to predict the ability of the bovine IVP to establish a pregnancy [28] [29] [30] [31] [32] [33] [34] . The genes evaluated in the present study were chosen for their correlation with pregnancy outcome and for their involvement with stress and DNA repair. KRT8 is one of the first genes activated after activation of the embryonic genome [35] and is related to post-hatching development [36] . HSPB1 [37] and MSH6 [38] are implicated in cell survival under stress conditions. PLAC8 [39] , PAG2 [40, 41] , and CD9 [42] are genes related to the development of the placenta, which are essential for successful pregnancy. Differences in the expressions of these genes were not observed between treatments. Indeed, Pomini Pinto [15] only found increases in PLAC8 expression with a higher concentration than that used in this study (50 ng/ mL), and, moreover, higher expression was only a tendency (P < 0.10).
In conclusion, the presence of FGF10 during IVM had no effect on embryo production, developmental speed, and gene expression.
